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Disorder versus two transport 
lifetimes in a strongly correlated 
electron liquid
Patrick B. Marshall, Honggyu Kim & Susanne Stemmer
We report on angle-dependent measurements of the sheet resistances and Hall coefficients of electron 
liquids in SmTiO3/SrTiO3/SmTiO3 quantum well structures, which were grown by molecular beam 
epitaxy on (001) DyScO3. We compare their transport properties with those of similar structures grown 
on LSAT [(La0.3Sr0.7)(Al0.65Ta0.35)O3]. On DyScO3, planar defects normal to the quantum wells lead to a 
strong in-plane anisotropy in the transport properties. This allows for quantifying the role of defects in 
transport. In particular, we investigate differences in the longitudinal and Hall scattering rates, which 
is a non-Fermi liquid phenomenon known as lifetime separation. The residuals in both the longitudinal 
resistance and Hall angle were found to depend on the relative orientations of the transport direction 
to the planar defects. The Hall angle exhibited a robust T2 temperature dependence along all directions, 
whereas no simple power law could describe the temperature dependence of the longitudinal 
resistances. Remarkably, the degree of the carrier lifetime separation, as manifested in the distinctly 
different temperature dependences and diverging residuals near a critical quantum well thickness, was 
completely insensitive to disorder. The results allow for a clear distinction between disorder-induced 
contributions to the transport and intrinsic, non-Fermi liquid phenomena, which includes the lifetime 
separation.
Strongly correlated materials exhibit transport properties that often strongly differ from normal metallic behav-
ior1–5. Examples include poorly understood power laws in the temperature dependence of the resistance and a 
phenomenon known as lifetime separation, which was first discovered in the high-temperature superconducting 
cuprates6, 7. It refers to the observation that the longitudinal resistance and the Hall angle (the inverse of the 
Hall mobility) exhibit different temperature dependencies and/or 0 K-limits, in stark contrast with the behavior 
of a simple, isotropic metal, which has a single relaxation time. In bulk materials, lifetime separation has been 
reported for cuprates6, 8, 9, heavy Fermion systems10, 11, V2O3–x12, and ruthenates13, 14. A direct consequence of the 
two distinct lifetimes is a temperature dependence of the Hall coefficient that is not due to a change in carrier 
density with temperature, i.e., a Fermi surface reconstruction; rather, it arises because it is the ratio of the two 
scattering rates. The fact that the same quasiparticle appears to exhibit two different scattering rates poses, how-
ever, significant theoretical challenges. Many different possible explanations have been proposed, including a 
two-dimensional Luttinger liquid (spin-charge separation), complex Fermi surfaces combined with strongly ani-
sotropic scattering rates, as may occur near an antiferromagnetic transition, and quantum critical points6, 7, 15–22.
Recently, lifetime separation has also been found in an interface-based correlated electron system23. These 
oxide heterostructures consist of electron liquids that are contained in thin SrTiO3 quantum wells embedded 
in insulating rare earth titanates, i.e., SmTiO324. The mobile sheet carrier density in the SrTiO3 quantum well 
is fairly high (~7 × 1014 cm−2). It is fixed by the polar discontinuity at the SrTiO3/SmTiO3 interfaces25 and thus 
independent of the quantum well thickness. The electron system in these quantum wells shows a number of 
correlation-induced phenomena, such as magnetism, pseudogaps, and transitions to an insulating state, as the 
three-dimensional carrier density is increased by decreasing the quantum well thickness24, 26–32.
The longitudinal resistance, Rxx, as a function of quantum well thickness could be described by23:
= +R R AT , (1)XX
n
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where R0 is the 0-K residual due to the disorder, T is the temperature, A is the scattering amplitude, and n is the 
power-law exponent. For thick quantum wells, n ~ 2, similar to single interfaces33. Below a critical quantum well 
thickness, tcr, as the system approaches an itinerant antiferromagnetic transition, n < 226, 29, 34. The Hall angle (θH) 
is defined as:
θ α= = = +H H R
R
R
R
H C Tcot ( ),
(2)H
XX
XY
XX
H
2
where H is the applied magnetic field, RXY is the Hall resistance, RH is the Hall coefficient, C the residual (the 
inverse of the Hall mobility extrapolated to zero temperature), and α is the Hall scattering amplitude. Like A, α 
contains the effective mass, m*, and it can be expressed as α = Γ
⁎
T T( )m
e
2 2 , where Γ is a temperature-dependent 
scattering rate and e the elementary charge. In contrast to Rxx, cot θH remains ~T2, independent of the quantum 
well thickness. The residuals (C and R0) increased with decreasing quantum well thickness, consistent with 
increasing contribution from interface roughness scattering, as expected for thin quantum wells35. Furthermore, 
it was found that the residual C, but not R0, contained an additional contribution near tcr. The two observations, 
different temperature exponents and diverging residuals, define two separate transport scattering rates or life-
times, as expressed in Eqs (1) and (2), in close analogy to the other systems mentioned in the first paragraph 
above.
Disorder also plays an important role in the physics of strongly correlated systems. In some cases the pres-
ence of disorder can enhance the effects of electron correlations36 and give rise to non-Fermi liquid behavior37. 
Introducing controlled amounts of disorder can also assist in elucidating the transport physics in correlated mate-
rials. For example, in the cuprates, it was shown that Zn impurities affect the 0 K-limit of the Hall angle scattering 
rate, implying that both lifetimes are associated with a real physical scattering process, i.e., not just an algebraic 
manipulation6.
The goal of the study reported in this paper was to gain further understanding of the origins of lifetime sep-
aration by introducing defects into the SrTiO3 quantum wells. We achieve this via planar growth defects nor-
mal to the quantum wells, which lead to strongly anisotropic transport properties. Using angle-dependent sheet 
resistance and Hall measurements, we determine the contributions of the defects and those of intrinsic scattering 
mechanisms to the transport properties and lifetime separation.
Results
SmTiO3/SrTiO3/SmTiO3 quantum well structures were grown on (001) DyScO3 single crystals by hybrid molec-
ular beam epitaxy (MBE)38. Like SmTiO3, DyScO3 belongs to the orthorhombic Pbnm space group. We note that 
our prior studies, the results of which were summarized above, were conducted on quantum wells grown on cubic 
LSAT [(La0.3Sr0.7)(Al0.65Ta0.35)O3]. As will be discussed below, the substrates determine the crystallographic ori-
entation of the SmTiO3 barriers and impose epitaxial strains of different signs. The thicknesses of the bottom and 
top SmTiO3 barriers were 10 nm. As in prior studies, we specify the SrTiO3 quantum well thickness (tQW) by the 
number of SrO layers it contains. Samples with SrTiO3 quantum wells containing 2, 3, 4, 5, 6, and 10 SrO layers 
were investigated.
Microstructure. High-angle annular dark-field (HAADF) scanning transmission electron microscopy 
(STEM) images along two mutually perpendicular directions of a sample containing a 6 SrO layer thick quantum 
well are shown in Fig. 1. The (001)O planes of the SmTiO3 barrier are parallel to the substrate surface (the sub-
script refers to the orthorhombic unit cell), in contrast to previously investigated films on cubic LSAT substrates, 
for which SmTiO3 grew in the (110)O orientation39. The (pseudo)-cubic lattice parameter of DyScO3 is 3.95 Å40, 
compared to the 3.87 Å of LSAT. The room temperature (pseudo-)cubic lattice parameter of SmTiO3 is 3.91 Å41, 
whereas that of SrTiO3 is 3.905 Å40. Therefore, the sign of the epitaxial coherence strains for both the SrTiO3 quan-
tum well and the SmTiO3 barrier differ on the two substrates (tensile on average for DyScO3 and compressive for 
LSAT). The layers were coherently strained to the DyScO3 substrate (see Supplementary Material). No extended 
defects are visible in the image taken along [010]O, while along [100]O planar growth defects are detectable. These 
defects are normal to the growth plane and originate from the SmTiO3/DyScO3 interface. Their average spacing is 
~20 nm. Similar defects and spacings were observed in the other samples (see Supplementary Material). A more 
detailed analysis of their atomic structure can be found in the Supplementary Material.
One may therefore expect anisotropy in the transport properties, in particular in the residual resistance, per-
pendicular and parallel to these defects. The A-site (Dy and Sm, respectively) displacements in the orthorhombic 
DyScO3 and SmTiO3 are clearly visible as a zigzag pattern normal to the surface along [100]O. No such displace-
ments are visible in the SrTiO3 quantum well, indicating that there is no distortion to an orthorhombic structure 
that would be associated with oxygen octahedral tilts and A-site (Sr) displacements, at least not in the 6 SrO 
quantum well.
Transport properties. The sheet resistances, RXX, of Hall bar structures made from samples with 3 and 6 SrO 
layer thick quantum wells are shown in Fig. 2(a) and (b), respectively, along four in-plane directions, [100]O, [010]O, 
[110]O, and ¯[110]O. They exhibit clear anisotropies in both the residuals and temperature dependences. Using TEM, 
the direction with the highest resistance was identified as [010]O. The higher resistance is consistent with increased 
scattering from planar defects, which are perpendicular to this direction. The lowest resistance direction, [100]O, is 
parallel to the defects. The resistance along [100]O is similar to those of quantum wells on LSAT substrates23, which 
show isotropic behavior and no planar defects in TEM. In contrast to the quantum wells on LSAT, the temperature 
dependence of RXX could not be described by a single power law, i.e. according to Eq. (1). This is particularly 
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obvious in a derivative plot, dRXX/dT vs. T, shown in Fig. 2(c). A power law should result in a straight line in such 
a plot, which is clearly not the case.
The Hall angle is calculated from RXX and RH, see Eq. (2), and one can extract two quantities: HC, the Hall 
angle residual (equivalent to the inverse of the Hall mobility extrapolated to zero temperature), and Hα, the 
temperature-dependent part of the scattering rate. Figure 3(a) shows the residual sheet resistance, RXX (2 K) and 
HC as a function of angle with respect to the low resistance direction (defined as 0°) for the 6 SrO layer quantum 
well. Both R0 and HC vary with angle and are therefore, not unexpectedly, sensitive to the relative orientation 
between the current and the planar defects. The two quantities scale almost identically, i.e. disorder scattering due 
to the planar defects increases R0 and HC by the same factor. The dependence of HC on disorder has previously 
been reported in the cuprates, where HC was found to increase linearly with impurity dopant concentration6, 9. 
Since it is also observed in the present study, this suggests that the linear relationship between HC and disorder 
Figure 1. HAADF-STEM images of a sample with a 6 SrO thick quantum well along (a) [010]O (Left) and 
(b) [100]O (Right). The SrTiO3 quantum appears darker in these images, due to the lower atomic number of 
Sr compared to Sm. Planar defects [see red arrows in (b)] are visible along [100]O but not [010]O and have a 
relatively uniform spacing of approximately 20 nm. The schematics in (c,d) show the corresponding cross-
sectional views of the DyScO3. Note the pronounced zig-zag pattern of the A-site cations in (d), visible in the 
STEM image along [100]O for both DyScO3 and SmTiO3, which has the same orthorhombic structure, but are 
not seen in the SrTiO3 quantum well.
www.nature.com/scientificreports/
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is quite general and independent with respect to the nature of the defects. Thus, as far as disorder scattering is 
concerned, there is only a single lifetime.
In contrast, Hα is independent of disorder. This can be seen in Fig. 3(b), which shows Hcot(θH) of the 6 SrO 
quantum well as a function of T2. The slope is determined by Hα. Here, cot(θH) ~ T2, independent of the orienta-
tion and Hα shows almost no angular dependence, in contrast to HC, indicating that the anisotropy in transport 
is largely caused by the defects rather than by intrinsic anisotropy or strain (which would enter Hα through the 
Figure 2. RXX along four crystallographic directions measured as a function of temperature using a centipede 
structure for (a) a 3 SrO layer thick quantum well and (b) a quantum well containing 6 SrO layers. (c) Derivative 
plot, dRXX/dT vs. T, of the data shown in (b). The dashed line in (c) indicates the expected behavior for a T2 
temperature dependence. The labels indicate the transport directions.
Figure 3. (a) Low-temperature residuals of the Hall angle, HC (blue), and sheet resistance RXX (2 K) (orange) 
for the 6 SrO layer thick quantum well measured with the centipede device. The data is plotted as a function of 
the angle with respect to the low resistance direction, which is defined as 0°. (b) Hall angles of the 6 SrO layer 
thick quantum well along four directions plotted as a function of T2, and for the low resistance direction of the  
3 SrO layer thick quantum well (dashed line).
www.nature.com/scientificreports/
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effective mass). Furthermore, cot(θH) ~ T2 applies also for the low resistance direction of the 3 SrO quantum well, 
which is also shown in Fig. 3(b) (the other directions for this sample were too resistive to obtain reliable measure-
ments). The disorder-independence of Hα has also been noted previously in the cuprates6, 9. Thus, for the scattering 
mechanism that controls the temperature-dependent transport, there are two lifetimes, one that enters RXX and that 
does not have a simple power law T-dependence for these samples, and one that determines cot(θH) and that is ~T2.
Figure 4(a) shows Hα as a function of tQW alongside previous results23 from quantum wells on LSAT. Similar 
trends are observed: a thickness-independent Hα followed by an abrupt increase below tcr. The average Hα in 
thick wells is 50% higher on DyScO3 (1.5 × 10−6 Vs/cm2/K2) compared to LSAT (1 × 10−6 Vs/cm2/K2). The crit-
ical thicknesses are 3 SrO layers on LSAT and 5 SrO layers on DyScO3, while the upturn in the residual RXX(2 K) 
occurs at one SrO layer on LSAT and three SrO layers on DyScO3.
Figure 5 shows (eRH)−1 (in the absence of lifetime separation and for a single carrier type, it is equivalent 
to the sheet carrier concentration) of the 3 and 6 SrO layer thick quantum wells. Values along the high (blue) 
and low (orange) resistance directions are shown. At room temperature, (eRH)−1 corresponds to the expected 
~7 × 1014 cm−2. For the 6 SrO layer quantum well the temperature dependence is non-trivial [Fig. 5(b)]. This is a 
manifestation of carrier lifetime separation, because:
α
=



+
+



.−eR H
e
C T
R AT
( )
(3)n
H
1
2
0
A temperature-dependent (eRH)−1 arises if the low-temperature residual ratio, C/R0, diverges and/or n ≠ 2 
in RXX and/or RXX shows a more complicated (non-power law) behavior as a function of T. The latter is the case 
Figure 4. (a) Hall angle scattering amplitude Hα plotted as a function of tQW. For comparison, data from ref. 23 
for quantum wells grown on LSAT substrates is also shown. (b) Low temperature residual sheet resistance, RXX 
(2 K) as a function of tQW.
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here, as discussed above. The effect of a divergent C/R0 is most evident at lower temperatures. It is not present for 
the 3 SrO layer quantum well, resulting in a nearly temperature-independent (eRH)−1. Remarkably, the carrier 
lifetime separation is the same along the high and low resistance directions, as the curves fall on top of each other. 
In other words, the contribution of the defects to the residuals R0 and C cancel each other [as was already evident 
in Fig. 3(a)], and α and A are independent of disorder [as already seen in Fig. 3(b)].
Figure 6 shows the low temperature residuals (eRH)−1 (2 K), corresponding to C/R0, of the quantum wells 
grown on LSAT (from ref. 23) and DyScO3 as a function of tQW. In both cases, a divergence of C/R0 (C is the 
diverging quantity, see ref. 23) is seen as a maximum in (eRH)−1 (2 K). It occurs at a slightly higher tcr (~6 SrO 
layers) for the quantum wells on DyScO3.
Discussion
We first compare the transport of the quantum wells in this study with our previous data on LSAT substrates, 
reported in ref. 23. We then discuss the implication of the results on the phenomenon of lifetime separation.
Effects of quantum well barrier orientation and epitaxial strain. The quantum wells on the two sub-
strates, DyScO3 and LSAT, differ in the orientation of the SmTiO3 barriers (they are 90° rotated relative to each 
other) and the epitaxial strain. Comparing Hα in the quantum wells grown on DyScO3 vs. those on LSAT (Fig. 4), 
we see that the qualitative behavior is very similar. Hα is, however, larger in the quantum wells on DyScO3. A likely 
origin is a larger in-plane effective mass (which enters Hα) associated with the tensile strain. The increase in Hα, 
observed in both types of samples at low tQW, occurs at a larger value of tQW on DyScO3. For very thin quantum wells, 
the Ti-O-Ti bond angle distortions were previously found to appear also in the SrTiO3 quantum well30, 39, 42, 43, which 
may increase the effective mass and Hα below tcr. Theoretical and experimental studies also show that the magnetic 
order of the barrier couples into the itinerant electron system for sufficiently thin quantum wells26, 28, 29, 31, 34, which 
may also increase the effective mass44.
Figure 5. (eRH)−1 as a function of T of the highest resistance (blue) and lowest resistance (orange) directions for 
(a) the 3 SrO layer (b) the 6 SrO layer thick quantum well.
www.nature.com/scientificreports/
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It remains an open question why RXX does not follow a well-defined power law, as was the case for the 
quantum wells on LSAT and single interfaces23, 33. It is possible that these quantum wells are closer to a local-
ization transition, influenced by the defects and the aforementioned mass enhancement. The influence of the 
defects on RXX(T) seems to be particularly obvious in the high resistance directions of the 3 SrO layer quan-
tum well. Whatever the origin, it does not influence the temperature dependence of cot(θH), which robustly 
remains ~T2.
Implications for lifetime separation. Disorder scattering appears in the residuals of the Hall angle and 
the longitudinal resistance. However, disorder has no influence on the lifetime separation. It is present in diverg-
ing residuals near tQW ~6 SrO layers, causing the peak in the data in Fig. 6. Furthermore, the temperature depend-
ence of the two scattering rates remains different. The most striking observation is that cot(θH) remains robustly 
~T2, even as the longitudinal resistance does not follow a simple power law.
Several of the models in the literature focus on the case where RXX ~ T and cot(θH) ~ T2, as observed in the 
cuprates; the results presented suggest a more universal behavior of cot(θH) ~ T2, independent of any particu-
lar T-dependence of RXX. Prior results in ref. 23 for very similar structures, but grown on LSAT, showed that 
the power law exponent n in RXX(T) correlated with different kinds of (incipient) magnetic order, whereas 
here, the departure of RXX(T) from a simple power law is not well understood but could reflect proximity 
to localization. In both cases, however, cot(θH) ~ T2. It is thus tempting to attribute the T-dependence of 
cot(θH) to that of a fundamental underlying intrinsic scattering mechanism that is active in a wide range of 
correlated materials (see below), whereas the specific behavior of RXX(T) is much more material specific. A 
main conclusion is therefore that the ubiquitousness and robustness of the T2 dependence of cot(θH) should be an 
important consideration in developing models that describe correlated systems. A similar argument has recently 
been made for the cuprates45, but the present data indicates that the case can be made for a much wider class 
of materials.
A T2-dependence of the resistance is often (but not always, see, e.g., ref. 46) ascribed to electron-electron scat-
tering in a Fermi liquid (in conjunction with an appropriate momentum relaxation mechanism). We have recently 
argued that a carrier density independent scattering rate observed in these quantum wells is not consistent with 
a Fermi liquid47. The carrier density independent scattering rate is also apparent in the data presented here. 
Figure 4(b) shows that Hα is independent of tQW for tQW > tcr, even though narrowing the quantum well increases 
the three-dimensional carrier density. In a Fermi liquid, the carrier density enters the scattering rate through a 
(model dependent) interaction energy (see, e.g., Eq. (6) in ref. 1). For this reason we believe that cot(θH) ~ T2 
should not be taken as evidence that there is an underlying Fermi liquid (the contrary appears to be true). We note 
that a carrier-density-independent scattering rate is found in many other correlated materials in the regimes where 
transport shows a scattering rate that is ~T2 19, 48–51. In addition to electron-electron scattering, a T2-dependent 
scattering rate can originate from magnetic fluctuations but also from orbiton excitations13, 52. Given that the 
T2- scattering rate is also observed in non-degenerately doped bulk SrTiO333, 47, 53–55, a non-magnetic origin seems 
more likely.
The results provide at least two intriguing hints as to the microscopic parameters that determine the 
Hall scattering rate. We have previously associated the diverging C/R0 with a quantum critical point, i.e., 
zero-point fluctuations that appear in the residual C, but not in R0, see ref. 23. Like the previous studies, the 
present data show that the diverging C/R0 is not due to disorder and also that it is likely not associated with 
a sudden change in electronic structure. For example, mass enhancement and effects of disorder are all seen 
in various transport parameters, as discussed above, but none show a peak at 6 SrO layers, in contrast to 
C/R0. This seems to indicate that the Hall scattering rate, and thus perhaps also its temperature dependence, 
Figure 6. Low temperature residual of (eRH)−1 at 2 K as a function of tQW. For comparison, data from ref. 23 for 
quantum wells grown on LSAT substrates is also shown.
www.nature.com/scientificreports/
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is fundamentally originating from strong electronic correlations. Secondly, as mentioned above, results may 
indicate that cot(θH) is much less sensitive to carrier localization than RXX. While two carrier models (i.e. the 
presence of two types of carriers, localized and non-localized)56 cannot explain the data (see discussion in 
ref. 23) it seems that the same carrier can appear more or less localized, depending on the transport coefficient 
interrogated.
Conclusions
To summarize, lifetime separation has two origins, namely a robust T2-dependence of cot(θH) and a divergence 
in the 0-K Hall residual, which, in the system studied here, occurs near a critical quantum well thickness. 
We showed that cot(θH) ~ T2 persists independent of the degree of disorder and the specific temperature 
dependence of the longitudinal resistance. We speculated that the robust T2 behavior of cot(θH) reflects a 
universal, underlying scattering rate that is fundamentally due to electron correlations but does not indicate 
electron-electron scattering in a Fermi liquid. Modification of various materials parameters, such as epitaxial 
strain, introduction of anisotropic defects, and proximity to different types of magnetism, affect the longitu-
dinal resistance but not the temperature dependence of the Hall angle scattering rate. The results, along with 
other experimental studies presented in the literature, emphasize the importance of accounting for these par-
ticular characteristics in the lifetime separation in theoretical models of non-Fermi liquid behavior in strongly 
correlated systems. They seem to describe an increasingly wide range of materials and thus indicate highly 
universal behavior.
Methods
Details of the MBE growth approach were reported elsewhere38. Electrical contacts to the as-grown samples 
were made with electron-beam evaporated Ti/Au contacts in van der Pauw geometry, which have previously 
been demonstrated to remain Ohmic down to 2 K, the lowest temperature used in this study. After initial van 
der Pauw sheet resistance (RXX) and Hall measurements were completed, standard photolithographic and 
etching processes were used to pattern Hall bar (“centipede”) devices on the 3 and 6-SrO layer thick quan-
tum well samples in a geometry which allowed transport measurements to be made along four crystallo-
graphic directions: [100], [010], [110], and [110]. The transport measurements were performed from 2 to 
300 K in a Quantum Design Physical Property Measurement System. The Hall resistance was measured with 
magnetic field sweeps from −0.6 to 0.6 T. For STEM studies, cross-sectional specimens were prepared using 
an FEI Helios dual beam focused ion beam microscope and imaged using a FEI Titan S/TEM operating at 
300 kV.
References
 1. Schofield, A. J. Non-Fermi liquids. Contemp. Phys. 40, 95–115 (1999).
 2. Anderson, P. W. New physics of metals: Fermi surfaces without Fermi liquids. Proc. Natl. Acad. Sci. 92, 6668–6674 (1995).
 3. Pal, H. K., Yudson, V. I. & Maslov, D. L. Resistivity of non-Galilean-invariant Fermi- and non-Fermi liquids. Lith. J. Phys. 52, 
142–164 (2012).
 4. Sachdev, S. Quantum Phase Transitions, 2nd ed. (Cambridge University Press, Cambridge, 2014).
 5. Hussey, N. E. Phenomenology of the normal state in-plane transport properties of high-Tc cuprates. J. Phys.: Condens. Matter 20, 
123201 (2008).
 6. Chien, T. R., Wang, Z. Z. & Ong, N. P. Effect of Zn Impurities on the Normal-State Hall Angle in Single-Crystal YBa2Cu3–xZnxO7–∂. 
Phys. Rev. Lett. 67, 2088–2091 (1991).
 7. Anderson, P. W. Hall-Effect in the 2-Dimensional Luttinger Liquid. Phys. Rev. Lett. 67, 2092–2094 (1991).
 8. Clayhold, J. A., Zhang, Z. H. & Schofield, A. J. Two lifetimes without a magnetic field in the normal state of cuprate superconductors. 
J. Phys. Chem Solids 59, 2114–2117 (1998).
 9. Xiao, G., Xiong, P. & Cieplak, M. Z. Universal Hall effect in La1.85Sr0.15Cu1−xAxO4 systems (A = Fe,Co,Ni,Zn,Ga). Phys. Rev. B 46, 
8687(R) (1992).
 10. Nair, S. et al. Hall effect in heavy fermion metals. Adv. Phys. 61, 583–664 (2012).
 11. Nakajima, Y. et al. Normal-state hall angle and magnetoresistance in quasi-2D heavy fermion CeCoIn5 near a quantum critical point. 
J. Phys. Soc. Jpn. 73, 5–8 (2004).
 12. Rosenbaum, T. F., Husmann, A., Carter, S. A. & Honig, J. M. Temperature dependence of the Hall angle in a correlated three-
dimensional metal. Phys. Rev. B 57, R13997–R13999 (1998).
 13. Laad, M. S., Bradaric, I. & Kusmartsev, F. V. Orbital non-Fermi-liquid behavior in cubic ruthenates. Phys. Rev. Lett. 100, 096402 
(2008).
 14. Ying, Y. A., Liu, Y., He, T. & Cava, R. J. Magnetotransport properties of BaRuO3: Observation of two scattering rates. Phys. Rev. B 84, 
233104 (2011).
 15. Coleman, P., Schofield, A. J. & Tsvelik, A. M. How should we interpret the two transport relaxation times in the cuprates? J. Phys. - 
Condens. Mat. 8, 9985–10015 (1996).
 16. Zheleznyak, A. T., Yakovenko, V. M., Drew, H. D. & Mazin, I. I. Phenomenological interpretations of the ac Hall effect in the normal 
state of YBa2Cu3O7. Phys. Rev. B 57, 3089–3098 (1998).
 17. Ong, N. P. Geometric interpretation of the weak-field Hall conductivity in two-dimensional metals with arbitrary Fermi surface. 
Phys. Rev. B 43, 193–201 (1991).
 18. Carrington, A., Mackenzie, A. P., Lin, C. T. & Cooper, J. R. Temperature-Dependence of the Hall Angle in Single-Crystal YBa2(Cu1-
xCox)3O7-∂. Phys. Rev. Lett. 69, 2855–2858 (1992).
 19. Lee, D. K. K. & Lee, P. A. Transport phenomenology for a holon–spinon fluid. J. Phys.: Condens. Matter 9, 10421–10428 (1997).
 20. Stojkovic, B. P. & Pines, D. Theory of the longitudinal and Hall conductivities of the cuprate superconductors. Phys. Rev. B 55, 
8576–8595 (1997).
 21. Barman, H., Laad, M. S. & Hassan, S. R. Realization of a “Two Relaxation Rates” in the Hubbard-Falicov-Kimball Model. 
arXiv:1611.07594v1 (2016).
 22. Blake, M. & Donos, A. Quantum Critical Transport and the Hall Angle in Holographic Models. Phys. Rev. Lett. 114, 021601 
(2015).
 23. Mikheev, E. et al. Separation of transport lifetimes in SrTiO3-based two-dimensional electron liquids. Phys. Rev. B 91, 165125 
(2015).
www.nature.com/scientificreports/
9Scientific REPORTS | 7: 10312  | DOI:10.1038/s41598-017-10841-w
 24. Moetakef, P. et al. Toward an artificial Mott insulator: Correlations in confined high-density electron liquids in SrTiO3. Phys. Rev. B. 
86, 201102(R) (2012).
 25. Moetakef, P. et al. Electrostatic carrier doping of GdTiO3/SrTiO3 interfaces. Appl. Phys. Lett. 99, 232116 (2011).
 26. Jackson, C. A. & Stemmer, S. Interface-induced magnetism in perovskite quantum wells. Phys. Rev. B 88, 180403(R) (2013).
 27. Marshall, P. B., Mikheev, E., Raghavan, S. & Stemmer, S. Pseudogaps and Emergence of Coherence in Two-Dimensional Electron 
Liquids in SrTiO3. Phys. Rev. Lett. 117, 046402 (2016).
 28. Lechermann, F. Non-Fermi-liquid behavior and pseudogap formation in δ-doped SmTiO3. arXiv:1603.01031v2 (2016).
 29. Need, R. F. et al. Interface-Driven Ferromagnetism within the Quantum Wells of a Rare Earth Titanate Superlattice. Phys. Rev. Lett. 
117, 037205 (2016).
 30. Chen, R., Lee, S. & Balents, L. Dimer Mott Insulator in an Oxide Heterostructure. Phys. Rev. B 87, 161119(R) (2013).
 31. Iaconis, J., Ishizuka, H., Sheng, D. N. & Balents, L. Kinetic magnetism at the interface between Mott and band insulators. Phys. Rev. 
B 93, 155144 (2016).
 32. Pentcheva, R. & Pickett, W. E. Correlation-Driven Charge Order at the Interface between a Mott and a Band Insulator. Phys. Rev. 
Lett. 99, 016802 (2007).
 33. Mikheev, E. et al. Limitations to the room temperature mobility of two- and three-dimensional electron liquids in SrTiO3. Appl. 
Phys. Lett. 106, 062102 (2015).
 34. Moetakef, P. et al. Carrier-Controlled Ferromagnetism in SrTiO3. Phys. Rev. X 2, 021014 (2012).
 35. Gold, A. Electronic transport properties of a two-dimensional electron gas in a silicon quantum-well structure at low temperature. 
Phys. Rev. B 35, 723 (1987).
 36. Efros, A. L. & Shklovskii, B. I. Coulomb gap and low temperature conductivity of disordered systems. J. Phys. C 8, L49–L51 
(1975).
 37. Miranda, E. & Dobrosavljevic, V. Disorder-driven non-Fermi liquid behaviour of correlated electrons. Rep. Prog. Phys. 68, 
2337–2408 (2005).
 38. Moetakef, P. et al. Growth window and effect of substrate symmetry in hybrid molecular beam epitaxy of a Mott insulating rare earth 
titanate. J. Vac. Sci. Technol. A 31, 041503 (2013).
 39. Zhang, J. Y. et al. Correlation between metal-insulator transitions and structural distortions in high-electron-density SrTiO3 
quantum wells. Phys. Rev. B 89, 075140 (2014).
 40. Schmidbauer, M., Kwasniewski, A. & Schwarzkopf, J. High-precision absolute lattice parameter determination of SrTiO3, DyScO3 
and NdGaO3 single crystals. Acta Crystallogr. B 68, 8–14 (2012).
 41. Komarek, A. C. et al. Magnetoelastic coupling in RTiO3 (R = La,Nd,Sm,Gd,Y) investigated with diffraction techniques and thermal 
expansion measurements. Phys. Rev. B 75, 224402 (2007).
 42. Zhang, J. Y., Hwang, J., Raghavan, S. & Stemmer, S. Symmetry Lowering in Extreme-Electron-Density Perovskite Quantum Wells. 
Phys. Rev. Lett. 110, 256401 (2013).
 43. Bjaalie, L., Janotti, A. & Himmetoglu, B. & Van de Walle, C.G., Turning SrTiO3 into a Mott insulator. Phys. Rev. B 90, 195117 
(2014).
 44. Berk, N. F. & Schrieffer, J. R. Effect of ferromagnetic spin correlations on superconductivity. Phys. Rev. Lett. 17, 433–+ (1966).
 45. Li, Y. et al. Hidden Fermi-liquid Charge Transport in the Antiferromagnetic Phase of the Electron-Doped Cuprate Superconductors. 
Phys. Rev. Lett. 117, 197001 (2016).
 46. Nagel, U. et al. Optical spectroscopy shows that the normal state of URu2Si2 is an anomalous Fermi liquid. Proc. Natl. Acad. Sci. 109, 
19161–19165 (2012).
 47. Mikheev, E. et al. Carrier density independent scattering rate in SrTiO3-based electron liquids. Sci. Rep. 6, 20865 (2016).
 48. Barisic, N. et al. Universal sheet resistance and revised phase diagram of the cuprate high-temperature superconductors. Proc. Nat. 
Acad. Sci. 110, 12235–12240 (2013).
 49. Oka, D. et al. Intrinsic high electrical conductivity of stoichiometric SrNbO3 epitaxial thin films. Phys. Rev. B 92, 205102 (2015).
 50. Ando, Y. et al. Evolution of the Hall Coefficient and the Peculiar Electronic Structure of the Cuprate Superconductors. Phys. Rev. 
Lett. 92, 197001 (2004).
 51. Hussey, N. E., Gordon-Moys, H., Kokalj, J. & McKenzie, R. H. Generic strange-metal behaviour of overdoped cuprates. Journal of 
Physics: Conference Series 449, 012004 (2013).
 52. Kaiser, A. B. Effect of spin fluctuations on resistivity. Phil. Mag. B 65, 1197–1206 (1992).
 53. Baratoff, A. & Binnig, G. Mechanism of superconductivity in SrTiO3. Physica B & C 108, 1335–1336 (1981).
 54. van der Marel, D., van Mechelen, J. L. M. & Mazin, I. I. Common Fermi-liquid origin of T2 resistivity and superconductivity in 
n-type SrTiO3. Phys. Rev. B 84, 205111 (2011).
 55. Lin, X., Fauqué, B. & Behnia, K. Scalable T2 resistivity in a small single-component Fermi surface. Science 349, 945–948 (2015).
 56. Tsui, D. C. & Allen, S. J. Localization and the quantized Hall resistance in the two-dimensional electron-gas. Phys. Rev. B 24, 
4082–4082 (1981).
Acknowledgements
The authors thank Evgeny Mikheev for many discussions and the development of the photolithography mask 
used during processing and Ryota Shimizu for development of the etching procedure used to treat the substrates. 
We also thank Jim Allen for many helpful discussions. P.B.M. acknowledges support through an NSF Graduate 
Fellowship. We acknowledge support from the U.S. Army Research Office (W911NF-14-1-0379). Acquisition 
of the oxide MBE system used in this study was made possible through an NSF MRI grant (Award No. DMR 
1126455). The work made also use of the Central facilities supported by the MRSEC Program of the U.S. National 
Science Foundation under Award No. DMR 1121053.
Author Contributions
P.B.M. performed the film growth, processed the devices and carried out the electrical measurements and data 
analysis. H.K. performed the STEM analysis. P.B.M. and S.S. wrote the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10841-w
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
www.nature.com/scientificreports/
1 0Scientific REPORTS | 7: 10312  | DOI:10.1038/s41598-017-10841-w
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
